Since November of 1991. an experimental constructed wetland has successfully treated municipal sewage effluent on a year round basis in a cool climate. The sub-surface. vertically pulsed flow system is located at a latitude of approximately 43 degrees. 15 minutes north latitude in south-central Canada. The 5 metre long by 5 metre wide by 1.2 metre deep constructed wetland cells were designed to operate through extended freezing periods via a number of specific features. The most important features being the allowance of thatch accumulation atop the system, ice accretion within the upper cell strata both acting as insulating layers, and the transfer of thermal energy to the system from warmer deep soils. The cells were hydraulically loaded below this frozen layer of granular matrix six times a day. A dense three dimensional array of thermocouples was planted within the first of the three constructed wetland cells in a series to allow for the assessment of thermal data at a high level of temporal and spatial resolution. Thermal data were sampled every five minutes and averaged and stored every hour over a two year period (1994 and 1995). The data were reviewed statistically to determine the operating envelope experienced at the Niagara-On-The-Lake experimental constructed wetland site. A detailed review of winter thermal data was made to provide parameters for the use of the HEA TFLOW density-<iependent ground water flow and thermal energy transport numerical model (Molson and Frind, 1995) . The use of this coupled Darcy flux, thermal transport model has allowed for a better understanding of the importance of various thermal design considerations, and has allowed for the undertaking of sensitivity analyses for design assessment and optimization. The sensitivity analyses indicate that the retention of deep soil heat and top insulation from plant thatch are the most important thermal features. It is likely that this technology can be used in areas colder than Niagara-On-The-Lake. C 19971A WQ. Published by Elsevier Science Ltd
INTRODUCTION
In the fall of 1991, the environmental committee of the Friends of Fort George National Historic Parks organization and the Regional Municipality of Niagara initiated research to evaluate a constructed wetland as an alternative technology for treating municipal waste water. At the outset it was recognized that two key problems had to be addressed for year round operation in Canada. Wintertime freezing and a lack of oxygen had limited the successful application of constructed wetlands for cold climate sewage treatment in the past. Thus, a system that inhibits freezing while promoting the full oxygenation of the treatment area was deemed necessary. Over the past five years, a number of wetland design techniques have been implemented and tested in an attempt to minimize the impacts of freezing while maximizing the oxygen concentrations in the constructed wetland cells (Lemon et aI., 1996) .
THE CONSTRUCTED WETLAND CONFIGURATION
The constructed wetland cells at Niagara-On-The-Lake were configured to be top loaded and bottom drained. The experimental cells, measuring 5 metres by 5 metres by 1.2 metres deep, were placed in a series of three cells, through which the sewage effluent was pumped in progression. The cells were set into the ground and lined with a 60 mil polyethylene liner. The effluent was pumped into the first cell of the series through a perforated pipe 10.2 em in diameter, buried approximately 30 cm below the surface of the cell. The perforated pipe was placed in an annular configuration with the pipe invert located at the 30 cm depth. The effiuent was then collected at the bottom of the cell through another 10.2 cm perforated pipe. Fluid collected from the bottom of the first cell was then pumped to the top layer of the second cell, while fluid from the bottom of the second cell was pumped to the top layer of the third cell. The second and third cells were configured identically to the first cell. All of the perforated input/output pipes were surrounded by a thin layer of coarse limestone gravel to enhance flow to and from the cells. The first two cells in the series were filled with Queenston shale (an illite clay shale) gravel as the porous treatment media, while the third cell consisted of Lockport dolomite (limestone) sand. All three cells were planted with cattails (Typha spp.) .
Waste water from a secondary treatment lagoon was pumped into the experimental constructed wetland cells every four hours at a rate of one I cm per flooding event. The total daily hydraulic load was 60 L·m· 2 ·d· 1 or 4.5 m 3 ·d· l • Primary treated sewage was used as the influent feed to the wetland system, beginning in July of 1995. The thermal analysis presented within this paper was not undertaken for the period of primary sewage input. Chemical sampling was undertaken weekJy at the treated effluent discharge point from each of the three cells as well as at the initial influent source.
THERMAL DATA COLLECTION CONFIGURATION
Thermal data were obtained from copper-constant thermocouples, each epoxy potted in a 1.9 cm diameter piece of copper tube measuring 15 cm in length. The copper tubes were placed horizontally at depths of IS cm, 30 cm, 60 cm and 120 cm (cell bottom) below the cell surfaces. All three cells were constructed with a profile of four thermocouples located at the centre. The first cell in the series included additional thermocouple profiles. Data were collected at the same vertical resolution as the profiles at the cell centres at a number of locations between the cell liner and the cell centre. Thermal data were also collected immediately outside the cell wall within the native soil. A series of thermocouples were also placed in a Il T aspirated air sampling tower above the centre of the first cell, at elevations of 10 cm (thatch layer), 100 cm (approximate midpoint elevation of cattail foliage), 200 cm (top of cattails), and 400 cm. Figure 1 details the horizontal placement of the thermocouple profiles within the entire experimental system and the identification numbering system utilized for each profile. A thermocouple was also placed in the sump that served as the influent source for the system. Temperature at each thennocouple was measured via a differential voltage into a multiplexing array which distributed readings to a data logger. This system made spot measurements every minute, on the minute, and stored the maximum, minimum and mean of the sixty instantaneous temperatures taken during a one hour period. A total of ninety-six temperature values (thirty-two thermocouples for maximum, minimum and mean) were stored every hour.
THE THERMAL REGIME WITHIN THE WETLAND CELLS
The first cell of the three cell series exhibited the coldest temperatures within the 1994 and 1995 thermal records. The gradual wanning of the cells along the direction of overall horizontal flow may be a function ofheat transfer from the underlying native soil. The minimum temperatures observed during the colder 199311994 winter at the 15 cm cell depth ranged from -2.72 °C in the first cell to 0.55 °C in the third cell. At the bottom of the cells (120 cm deep), the minimum temperatures ranged from 3.06 °C in the first cell to 1.63 °C in the third cell.
The mean air temperature for the 1993/1994 winter season (December 21 to March 21 inclusive) was -4.54 °C while the mean for the 1994/1995 winter season was -1.00 °C. The maximum air temperature observed in the winter of 1993/1994 was 9.85 °C, with the 199411995 maximum being 18.12 °C. The minimum air temperature was -19.28 °C in 1993/1994 and -14.34 °C in 199411995. The temperature of the influent sewage in the input sump was not observed to drop below 1.47 °C during the two year period, with a winter time mean temperature of 4.47 °C.
To observe the temporal aspect ofthennal flux within and above the first wetland cell, a series of thermal profiles are presented for a wintertime cooling event that encompassed a number of days in March of 1995. Mean daily temperatures within the matrix at the centre of the first cell as well as the air temperatures above the cell are shown in figure 2. From this series of profiles it is apparent that the upper layer of frozen matrix and the cattail thatch provided an effective insulating layer. Using the maximum thermal gradient observed during the 1994/1995 monitoring period of -12.3 ·C·m· I , the energy gain from the (relatively) warm soil below the wetland cell may be estimated as follows (Kadlec and Knight, 1996) :
Vertical flow constructed wetland
where E aain is the energy gain rate, k, is the themlal conductivity of the matrix and dT/dz is the thermal gradient through the matrix. For the Niagara-On-The-Lake constructed wetland cells Ie. = 2.0 W·m··· 0C-., and dT/dz = 12.3 °C. Thus, Epin = 2.13 X 10 6 J-m· 2 ·d··, which is the maximum amount of heat energy that was gained from the underlying soil at Niagara-On-The-Lake. Noting that the latent heat of fusion for water is 3.33 x 10' J·kg··, then 3.33 x 10' J are required to freeze I mm 3 0fwater. The energy gain from below the wetland cell will thus increase heat flow through the system, in this case it will counteract approximately 6 mm of ice formation per day. Reed and Calkins (1996) derived a thermal flux model for horizontal sub-surface flow in wetlands. This model was based upon water flowing freely under ice in a horizontal fashion. Since the Niagara-On-The• Lake constructed wetland cells are configured for vertical fluid flow in a pulsed fashion, it was decided that the horizontal flux models would not be appropriate in this situation. Molson and Frind (1995) developed the HEATFLOW numerical model to solve complex density dependent porous media flow and thermal energy transport problems. This model, developed initially for Aquifer Thermal Energy Storage (ATES) systems, was deemed appropriate as it is capable of simulating injected fluid and vertical porous media flux coupled with thermal energy transport.
MODELING DARCY FLUX AND THERMAL TRANSPORT IN THE WETLAND
The Darcy equation for density-dependent liquid flow (q,) as derived by Bear (1972) is utilized as follows: (2) where qi is the fluid flow in the i direction, k ij is the permeability, J.L is tile dynamic viscosity, p is the pressure, Xj are the three dimensional spatial coordinates, p is the fluid density, g is the gravitational acceleration, and z the elevation above tile datum (cell bottom, z = 0).
Thermal transport through the system with respect to time is represented by (Molson and Frind, 1995): where Xi is a three dimensional spatial coordinate, 1C is the equivalent aquifer thermal diffusivity as defined in equation 4 below, D'J is the hydrodynamic dispersion tensor (Molson et aI., 1992) , R is the thermal retardation factor defined in equation 5 below, VI is the average linear fluid velocity, Qk is the fluid volumetric flux for a source or sink at (Xk' Yko z,J, Tk is the source temperature of the injected fluid, a is the matrix porosity. The variables 1C and R are defined as: (5) where A is the aquifer thennal conductivity, Co is the heat capacity of the porous medium as dermed in equation 6 below, L is the latent heat of water, w is the moisture content, Wu is unfrozen moisture fraction, S is the degree of saturation, C w is the specific heat of the fluid, Pw is the density of the fluid. Co is given as:
with c, being the solid matrix specific heat and p. the solid matrix density.
The parameters listed above were defined as follows for the Niagara-On-The-Lake system.
• The Queenston shale porous media was assumed isotropic and homogeneous. Thus hydraulic conductivities were estimated to be k. = Icy = k. = 2.78 x 10' s m·s· 1 from in-situ draw down testing (Lemon et aI., 1996) .
Matrix porosity and density were determined from several core samples (Lemon et al., 1996) . The Queenston shale exhibited a porosity of 8 = 0.42 and thus a calculated specific storage S, = 1.2 x 10' s m· l . The density of the solid matrix (p,) was detennined to be 1590 kg·m· l .
•
The surface layer atop the wetland cell consisted of approximately 20 cm of cattail litter. Farouki (1981) has detennined that the thennal conductivity of this litter is approximately 0.075 W·m·I.0e-I . Snow depth was not measured consistently throughout the winter seasons of 1993/1994 and 199411995 at the Niagara-On-The-Lake experimental wetlands. A period of six days in March of 1995 that had no accumulated snow atop the wetland cells was used to calibrate the HEATFLOW model. It was felt that the modeling of the wetland system without snow cover was reasonable, as snow is often intermittent throughout the winter in this part of Canada.
• Dispersion and diffusion data were not determined at the Niagara-On-The-Lake experimental wetlands. Instead, the data determined by Molson et al. (1992) for the sand ATES was utilized. It was assumed that the dispersion and diffusion properties of the sand would be quite similar to those of the Queenston shale. The longitudinal dispersivity was set to «L = 0.1 m with the transverse dispersivities set to «TIl = «1V = 0.01 m. The diffusion coefficient was set to D· = 6 X 10.
10 m 2 ·s· l .
• The influent sewage was assigned a density (Pw) of 1000 kg·m· l , as the waste water was reasonably dilute in terms of pollutants. The specific heat ofwateris known to be Cw = 4,174 J·kg·l.oC·I, while the latent heatofwateris L -3.33 x lOs J-kg-I. The specific heat of the matrix is taken from Molson et al. (1992) as c, '" 800 J·kg·l.oC· I , while the gravel aquifer thermal conductivity has been determined by Farouki (1981) to be 2.0 W·m·I.0e-I .
The model was calibrated by comparing the observed thermal profiles with modeled thermal profiles at numerous locations throughout the first wetland ceil. Little adjustment of the constant input parameters was required, as the profiles calculated within the cell were quite close to those observed. The only parameter adjusted to obtain a reasonable fit was the thermal flux across the bottom boundary. The energy gain calculated in equation 1 was decreased slightly to counteract warmer bottom temperatures calculated by the model.
MODEL RESULTS
The calibrated HEA TFLOW model was used to undertake a series of sensitivity analyses. Parameters that were tested included:
• the depth of thatch on the cell surface, • the ambient air temperature, the impact of deep soil energy gain, • the temperature of the waste water influent to the wetland system.
The wetland system was modeled with and without energy gain from beneath the 1.2 metre deep cell. The first wetland cell was observed to freeze between 30 and 60 cm deep in the colder winter (I 99311994}. For the air temperatures experienced during the 1993/1994 winter season, the model predicted a 55 to 57 cm depth of frost regardless of the thermal flux from the cell bottom. The cell was noted to be approximately 1.1 °C warmer at the bottom with heat gain as calculated in equation 1. At the cell surface, the energy gain gave rise to a 0.4 °C increase above a cell with no deep soil energy gain. As mentioned above, the depth of frost penetration remained quite constant, at 55 to 57 cm below the cell surface. The model appears to indicate that the energy gain from the cell bottom is not as important a factor as surface insulation, or ambient air temperature as these other factors gave rise to a greater change in the cell temperatures.
Input air temperatures ranging from a sustained -13°C (as seen in the winter of 1993/1994) to -50 °C were input to the model to determine the system sensitivity for various depths of insulating thatch and various influent sewage temperatures. With a 20 cm thatch layer atop the cell, as was the case at Niagara-On-The• Lake, a sustained -13°C air temperature gave rise to a 55 cm frost penetration. At -50°C, the frost depth increased to approximately 65 em below the cell surface. The cell temperature dropped almost 4 °C in the upper layers and 0.7 °C in the deeper layers. Depth's of cattail thatch modeled on the cell surface ranged from 1 cm to 50 cm. Cell top layer temperatures with 1 cm of thatch were some 10°C lower than with 50 cm of thatch. At the cell bottom they were approximately 0.5 °C lower with the smaller thatch depth.
The temperature of the incoming waste water was not observed to drop below 1.47 °C at Niagara-On-The• Lake. The influent waste water was 1.60 °C during the March 1 to March 6 calibration period. An influent temperature of 0.10 °C was input to the model to provide an indication of the relative importance of the temperature of the incoming waste water. With an air temperature of -13°C and 20 cm of thatch atop the cell input to the model, the upper cell layer was 0.6 °C lower with the colder waste water entering the cell.
The lower layer exhibited a negligible difference. With an air temperature of -SO °C and 20 cm of thatch atop the cell as an input, the upper and lower cell layers exhibited a negligible difference under both influent temperatures. Table 1 below details the sensitivity ranges in a tabular fashion. The maximum temperatures were always located within the bottom layers of the cell, while the minimum temperatures were found at the cell top. No bottom energy gain, air --13 'C, thatch -20 cm, inflow = 1.6'C Energy gain from bottom, air = -13 'C, thatch = 20 cm, inflow = 1.6 'C Energy gain from bottom, air --13'C, thatch -20 cm, inflow -1.6'C Energy gain from bottom, air--SO'C, thatch = 20 em, inflow = 1.6'C Energy gain from bottom, air --13 'C, thatch =50 em, inflow = 1.6·C Energy gain from deep soil, air = -50'C, thatch = 1 cm, inflow = 1.6'C Energy gain from deep soil, air= -I3'C, thatch =20 em, inflow -1.6'C Energy gain from deep soil, air = -13 'C, thatch =20 The Niagara-On-The-Lake constructed wetland system configuration is effective in minimizing thermal losses and retaining sufficient heat to remain operating on a year round basis in a cold climate. The system appears to be configured in a manner that takes advantage of a number of heat sources while minimizing thermal losses. The most important design parameters in terms of heat conservation are the promotion of an adequate insulating thatch layer, and the ability of the lower porous media layers to retain heat from deep soil energy gain. It is certainly probable that this constructed wetland design can indeed be implemented at colder locations than Niagara-On-The-Lake.
